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ABSTRACT

This work presents a model to predict the instantaneous rate of convective heat transfer from
fire plume gases to the overhead ceiling surface in a room of fire origin. The room is assumed
to be a rectangular parallelopiped and, at times of interest, ceiling temperatures are simulated as
being uniform. Also presented is an estimate of the convective heat transfer, due to ceiling-jet-
driven wall flows, to both the upper and lower portions of the walls. The effect on the heat transfer
of the location of the fire within the room is taken into account. Finally presented is a model of the
velocity and temperature distributions in the ceiling jet.

The model equations were used to develop an algorithm and associated modutfar computer
subroutine to carry out the indicated heat transfer calculations. The subroutine is written in
FORTRAN 77 and called CEILHT. The algorithm and subroutine are suitable for use in two-layer
zone-type compartment fire model computer codes. The subroutine was tested for a variety of
fire environments involving a 107 W fire in a 8m x 8m x 4m high enclosure. White the calculated
results were plausible, it is important to point out that CEILHT simulations have not been ex-

perimentally validated.

INTRODUCTION

It has been determined by Sandia National
Laboratories and the US Nuclear Regulatory
Commission that the use of deterministic, multi-
room, zone-type fire modeling technology could
enhance the reliability of their recent reactor
safety risk studies. These studies are confined to
the relatively early detection times of fire de-
velopment when fire-driven ceiling jets and gas-
to-ceiling convective heat transfer are expected to
play a particulary important role in room-to-room
smoke spread and in the response of near-ceiling
mounted detection hardware. A parameter of
concern in these risk analyses is the location of the
fire within the space of fire origin. One goal of the
analyses is to determine the significance to risk of
this fire-position parameter. The purpose of this

work is to develop and present a means of
simulating the heat transfer and flow phenomena
so that they can be included in two-layer zone-type
fire model computer codes.

Consider a room of fire origin in a multi-room
facility. At some arbitrary instant during a dy-
namic fire scenario assume that the fire-generated
environment in the room can be reasonably simu-
lated by upper and lower uniform-property layers
where the two layers are stably-stratified (i.e., the
upper layer temperature is greater than the lower
layer temperature).

Consistent with several two-layer zone-type
compartment fire model computer codes (see e.g.,
References [1], [2], and [3]) assume that it is
reasonable to simulate the room’s ceiling temper-
ature as uniform. The objective of this work is to
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develop an algorithm and associated computer
subroutine, useable in such fire models, to predict
the instantaneous rate of convective heat transfer
from the fire plume to the ceiling surface. In de-
veloping the gas-to-ceiling heat transfer simula-
tion it is desired to account for the location of the
fire within the room. Estimates of the rates of
convective heat transfer to the upper-layer portion
of the wall surfaces (i.e., the portion submerged
by the upper layer) and lower-layer portion of the
wall surfaces will also be provided. The focus and
main contribution of this work is a simulation of
convective heat transfer to the walls and ceiling
which accounts for the effect fire location.

Let the room be a rectangular parallelopiped
where the geometry is specified and, at a time of
interest, assume that the fire environment in the
room and the characteristics of the fire itself have

been determined.

Room Geometry, Characterization of the In-
stantaneous State of the Fire, the Fire
Plume, and the Fire-Generated Environment

Define a right-handed cartesian coordinate
system with axes X,Y,Z and with origin at a lower
corner of the room, i.e., at the floor elevation.
Orient the axes so that the Z axis is directed up-
ward and the X and Y axes are aligned along the
junction of the walls and the floor. Designate the
co-ordinates of corner of the room furthest from
the origin of the axes as XwarL, YwaLr, and
Zcen. These are the length, width, and ceiling
height of the room, respectively. Designate the
co-ordinates of the center of the base of the fire as
Xrire, YrRe, and Zpge.

Characterize and specify the state of the fire-
generated environment in the room by: the
average densities and assumed uniform tempera-
tures of the upper and lower gas layers,py, Ty,
and pr, Ty, respectively; the temperature of the
ceiling surface and the average temperature of the
wall surfaces, Tcgy and Twayy, respectively; and
the elevation above the floor of the interface be-
tween the two gas layers, Z; aygr. A plan view and
an elevation view of the geometry is depicted in

Figure 1.

Define and specify Qgpcony as the portion of
the total fire energy release rate convected in the
fire plume (i.e., the total rate of combustion
evergy release less the rate of energy radiated
from the combustion zone and the plume). If the
fire is below the layer interface, Zprg <Ziaver,
then characterize the mass flow rate and the con-
vected enthalpy flow rate in the plume at Z; syex
as MpLymEe and QrLumE, respectively.

Let MpLyme be specified. Then, assuming that
the fuel flow rate is negligible compared to

MPLUME’

QpLume = MpLume C, TL+Qrcony n

Overview of Plume / Upper-Layer Interac-
tion and Ceiling Heat Transfer

The buoyant fire plume rises from Zpgg
toward the ceiling. When the fire is below the
layer interface, its mass and enthalpy flow,
MprmE and QpLumE, are assumed to be deposited
into the upper layer at Z; sygg. Having penetrated
the interface, a portion of the plume typically
continues to rise toward the ceiling. As it im-
pinges on the ceiling surface, the plume gases turn
and form a relatively high temperature, high
velocity, turbulent ceiling jet which flows radially
outward along the ceiling and transfers heat to the
relatively cool ceiling surface. The ceiling jet is
cooled by convection and the ceiling material is
heated indepth by conduction. The convective
heat transfer rate is a strong function of the radial
distance from the point of plume / ceiling impin-
gement, reducing rapidly with increasing radius.
It is dependent also on the characteristics of the
plume immediately upstream of ceiling impinge-
ment.

The relatively high temperature ceiling jet is
blocked eventually by the relatively cool wall sur-
faces. IN THIS WORK IT IS ASSUMED THAT
THE DISTANCE BETWEEN THE PLUME /
CEILING IMPINGEMENT POINT AND THE
CLOSEST WALL SURFACE IS NEVER LESS
THAN 0.2 (Zcg,— Zere). This assumption is
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Figure 1.

made to assure reasonable prediction of ceiling-
jet/wall interaction phenomenology. Thus, the
formation of the ceiling jet is completed and its
dynamics can be predicted with the model equa-
tions used here only outside the plume / ceiling
stagnation region, which is bounded by a radius
about the impingement point of approximately 0.2
of the ceiling-to-fire distance.
Ceiling-jet/wall-surface impingement leads to
stagnation-point-type enhancement of jet-to-sur-
face heat transfer [4]. The ceiling jet then turns
downward and outward in a complicated flow

" ” XwauL Ywar
Qcer = (Xwarr Ywacr) GCei, ave = / o f ,  Gcen X, Y)dX dY

Properties of the Plume in the Upper Layer
When Zgge <Ziaver

Consider times when the elevation of the fire
is below the interface, i.e., when Zrre <Zpaver-

7

Kwawe ¥ 0)

Fire in a rectangular parallelopiped enclosure.

along the vertical wall surfaces (see [5] and [6]).
Convective wall-flow-to-wall-surface heat transfer
continues. The descent of the wall flows and the
heat transfer from them are stopped eventually by
upward buoyant forces. They are then buoyed
back upward and mix finally with the upper layer.

Let glgn, (X,Y) be the instantaneous flux of
convective heat transfer from the ceiling jet gases
to the ceiling surface and let qégq. ave and Qcgr be
its average value and the value of its integral,
respectively, over the entire ceiling surface. The
first objective of this work is to determine

(2)

As the plume flow enters the upper layer the
forces of buoyancy which drove the plume toward
the layer interface (i.e., as a result of relatively
high-temperature, low-density, plume gases being
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submer wer
layer environment) are reduced immediately be-
cause of the increase of temperature of the upper
layer environment over that of the lower layer.
The continued ascent of the plume will be less
vigorous, i.e., at reduced velocity, and it will be of
higher temperature than it would have been in the
absence of the layer. Some of the penetrating
plume flow, will be at a lower temperature than
Ty. The upper layer buoyant forces on this latter
portion of the flow will actually retard and possi-
bly stop its subsequent rise to the ceiling.

The simple point-source Gaussian-distribution
plume model of [7] will be used to simulate the
plume flow, first immediately below, or upstream
of the interface, and then throughout the depth of
the upper layer itself.

Consider a Reference-[7}-type point source of
buoyancy, with elevation below Z;aygr. Then the
plume above such a source will be taken to be
equivalent to the plume of our fire (in the sense of
having identical mass and enthalpy flow rates at
the interface) if the point source strength is
Qrconv and the elevation of the equivalent source,

Me = |
where the dimensionless parameter ¢ is defined as

0= (1—a+CrQE?3 /(a—1) (8)

a = TU/TL ; CT:9115 (9)

If M* >0, Reference [8] further identifies the
parameters necessary to describe plume flow
continuation in the upper layer (i.e., between
Ziaver and Zcgn) according to a Reference-[7]-

Q' = Qrconve M* /(1 +0)

satisfies

Mprome = 0.21p08"2 (Zyaver — Ze@)®? QEq"?
3)

where QEQ, a dimensionless measure of the
strength of the fire plume at Z; ayeg, is defined by

QEq = Qrconv / [01.CpTLEY? (Ziaver —Zeq)?]
4)

and where C, is the specific heat at constant
pressure of the entrained gas, which can be as-
sumed to be identical to that of air.

Solving (3) and (4) for Zgq and Q*EQ in terms of
known variables leads to

QEq = [0.21Qrconv / (C, TL MpLume)P? - (5)

Zx
haatf 4

o)

Zrq = Zraver—[Qrconv / (Q%q o1 C, TLg")R®
(6)

As the plume crosses the interface, the fraction,
M*, of Mpume Which is still buoyant relative to
the upper layer environment and presumably
continues to rise to the ceiling, entraining upper
layer gases along the way, is predicted in [8] to be

f—1<g<0;
if d<0; @

(1.045996+0.36039142) / (1. +1.377480 +0.36039142) if 6>0

type point source plume. It has been determined
there that this plume can be modeled as being
driven by a non-radiating continuation buoyant
point source of strength Q' located a distance

H = Zcgn—Z' source > ZceiL — Zrre (10)

below the ceiling in a (downward-) extended upper
layer environment of temperature Ty and density
pu. The relevant parameters predicted in [8] are

(11)

Z source = Zraver—(Ziaver—Ziq) @3 M'25 [(1+4) / gV (12)

The fire and the equivalent source in the low-
er layer and the continuation source in the upper
layer are depicted in Figure 2. The three sketches

of this figure are intended to clarify the relation-
ships between the actual fire scenario (left
sketch); the equivalent point source and its plume,
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EQUIVALENT PLUME IN THE
LOWER LAYER

CONTINUATION PLUME IN THE
EXTENDED UPPER LAYER

Figure 2. The fire and the equivalent source in the lower layer and the

continuation source in the extended upper layer.

which simulates the actual plume flow at the up-
per-layer / lower-layer interface (center sketch);
and the continuation plume and its point source,
embedded in the extended upper layer, which
simulates the effect of the interaction between the
penetrating plume and the elevated temperature
upper layer (right sketch). Times during a fire
simulation when Eq. (8) predicts ¢ > >1 are relat-
ed to states of the fire environment when the
temperatures above T, of the radial Gaussian
temperature distribution of the plume flow, at the
elevation of interface penetration, is predicted to
be mostly much larger than (Ty—Tr). Under such
circumstances the penetrating plume flow is still
very strongly buoyant as it enters the upper layer.
The plume will continue to rise to the ceiling and
to drive ceiling jet convective heat transfer at
rates which differ only slightly (on account of the
elevated temperature upper layer environment)
from the heat transfer rates which could occur in
the absence of an upper layer.

Conditions where Eq. (8) predicts ¢<0 are
related to times during a fire scenario when the
temperature of the plume at the elevation of in-
terface penetration is predicted to be uniformly
less than Ty. Under such circumstances the
penetrating plume flow is nowhere positively (i.e.,
upward) buoyant as it enters the upper layer.
Thus, while all of this flow is assumed to enter and
mix with the upper layer, it is assumed further
that none of it rises to the ceiling in a coherent

plume, i.e., Q' =0. For this reason, when ¢ <0 the
model precludes the existence of any significant
ceiling jet flow and associated convective heat
transfer to the ceiling surface. Thus, in the kind of
probelms under consideration here, the compo-
nent of natural convection heat transfer due to
heating or cooling from above of a quiescent en-
vironment by a relatively hot or cold solid ceiling
surface is expected to be negligible compared to
other energy transfers.

The above analysis assumes that Zpgre<
Ziayer. However, at the onset of a fire scenario it
is typical that Zeire <Ziaver =Zceir, and a, ¢ and
M* of Egs. (7)<(9), which depend on the indeter-
minate initial value of Ty, are themselves unde-
fined. The situation when Zpayer= ZcgL IS
properly taken into account if Q =Qgcony and
Z’ source =Zeq-

General Properties of the Plume in the Upper
Layer and / or Near the Ceiling

When Zpre < Ziaver < ZcriL, the results of
Egs. (11) and (12) allow a description of the fire-
driven plume dynamics in the upper layer, up to
plume/ceiling impingement at Zj ayver, i-€., by us-
ing the continuation point source and the plume
model of [7] in the extended upper layer. When
Ziaver < Zpre, the same plume model is used, but
Q’ and Z’source are taken to be the convected
buoyant strength of the fire and the actual fire
elevation, respectively. Finally, when Zpaygr=
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Zcri, the plume dynamics near the ceiling is
described by the equivalent point source, which is
in the lower layer, and the point source plume

model.
All cases can be treated with the following fi-
nal versions of Egs. (11) and (12)

i

o = { Q:FCONVU M*/(1+0) if Zere <Zraver < Zcen ar)
Qrconv  if Zerg=Ziaver or if Ziaver = Zcen
ZEQ if Ziaver="ZceiL; )
. ) Ziaver —(Zraver — Zgg) o35 M5 [(1+0) / g]'5 ,
Z source = (12%)

if Zeire <Zpaver <Zcei;

Zere I Ziaver<Zrre <ZcewL

where Zgg M*, 0, and « are calculated from Eqgs.

(5)-9).

Calculating the Convective Heat Transfer to
the Ceiling

When the fire is below the interface and the
interface is below the ceiling the method of [9] will
be used to calculate qcgr.. The method of [9] was
developed to treat generic, confined-ceiling, room
fire scenarios. The confined ceiling problem is
solved by applying the unconfined ceiling heat
transfer solution to the problem of an Eq. (11')-
(12") equivalent upper layer source in an extended
upper layer environment [10,11]. When the fire is
interface, the unconfined -ceiling
methodology applies directly. This solution tech-
nique has been used previously in [12] and {13].

The equivalent, extended-upper-layer, uncon-

above the

hL/h:{

- % 10.22—149r/H
Tan—T 213y =
(Tap—Tu) / (ToQ25) {8_39f ol E
where
f(r/H) =[1-1.10 (r / H)*8+0.808 (r / H)!-6]

r = [(X—XpreP + (Y — Yrige)?]'2

k = pyC,gl”? H12 Q*;!3: Rey = g2 H32 QN8 /vy Qu = Q / [euC, Ty (gH)2 H2)

In the above, Pr is the Prandtl number (taken
to be 0.7) and vy is the kinematic viscosity of the
upper layer gas which is assumed to have the

8.82Rey 12 Pr-23[1—(5.0—0.284Rey02) (r / H)]
0.283Rey 03 Pr-26 (r / H)~12 (r / H—0.0771) / (r / H+0.279) if 0.2<r/H

fined-ceiling flow and heat transfer problem is
depicted in the right-hand sketch of Figure 2. It
involves the equivalent Q' heat source of Eq. (11")
located a distance H below the ceiling surface in
an extended lower layer environment where H is
found from Eqgs. (10) and (12"). The objective here
is to estimate the qégr, (X,Y) distribution for the
scenario in the latter sketch, and then its Eq. (2)
integral over the ceiling surface.
From [10] and {11}

dcei (X,Y) = hy (Tap— Tcen)

where Tap, a characteristic ceiling jet tempera-
ture, is the temperature that would be measured
adjacent to an adiabatic lower ceiling surface, and
hy is a heat transfer coefficient. hy and Tap are
given by

13)

< 9.
if 0<r/H<0.2; (14)

if 0<r/H<0.2;
if 0.2<r/H

(15)
/[1—1.10 (r / HP84+2.20 (r / H)*6+0.690 (r / H)>4](16)
(17)
(18)
properties of air. Also, Q*y, a dimensionless

number, is a measure of the strength of the plume
and Rey is a characteristic Reynolds number of



the plume at the elevation of the ceiling.
The following estimate for vy of air [14] will be

vy = [0.04128 (1077) T%?] / [Ty+110.4] vy

Egs. (13)-(19) are valid whern Zpayer <Zcew
and Ty is well defined. When Zyayer=ZcgrL and
Ty is undefined, the results are also valid if Ty is
set equal to Ty in these equations. This will yield
the correct limiting result for the convective heat
transfer to the ceiling, namely, convective heat
transfer to the ceiling from an unconfined ceiling
jet in a lower layer environment.

Integrating qcen(X,Y) according to Eq. (2)
yields the desired results for Qcgr and dcgi Ave-

Calculating the Average Convective Heat
Transfer to the Upper and Lower Wall Sur-
faces

As mentioned above Eq. (2), the ceiling jet is
blocked eventually by the relatively cool wall sur-
faces where ceiling-jet / wall—surface.impingement
leads to a stagnation-point type of heat transfer
enhancement there. This enhancement is maxi-
mum near the stagnation points where the radially
directed velocity vectors of the ceiling jet, depict-
ed in the top sketch of Figure 1, intersect normally
with the wall surface. In [4] it is estimated that for
fires relatively close to a wall (i,e., a wall near to,
but outside, the presently restricted r/H=0.2
circle, where ceiling jet velocities are at or near to
their largest amplitudes) the rate of heat transfer
to the wall, Gwarr, near points of normal ceiling-jet
/ wall impingement is more than two times that of
the jet-to-local-ceiling-surface heat transfer.

Locations of Normal Ceiling-Jet / Wall
Impingement.

For the fire scenarios being studied here,
there are four locations where ceiling-jet / wall
impingement involves ceiling jet velocities normal
to the wall. These locations are identified in
Figure 1 as STP1, STP2, STP3, and STP4. At
such stagnation points, i.e., at the ceiling/wall
junction, an estimate of the heat transfer to the
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used when computing Rey from Eqs. (18)

inm?/s, Tyin K (19)
wall is [4]
dwarLst = hst (Tap—Twarr) (20)
where

hsr/h = 0.94Rey %42/ [(rs7 / H) Pr] (21)

rst is the value of r of Eq. (16) at the stagnation
point (e.g., rs7= Yrrg for STP1 in Figure 1), and
Tap, b, and Rey are given in Eqgs. (15) and (17).
In [5] it is estimated that at locations of normal
ceiling-jet / wall impingement the penetration
depth of the downward-directed wall flow is ap-
proximately 0.8H or Zggy, (i.e., penetration to the
floor), whichever is smaller, and that this result is
relatively invariant with the value of rg7 / H. Here
it is assumed that the heat transfer goes to zero at
this penetration depth, and remains zero below
this elevation. Thus, the natural convection com-
ponent of heat transfer between the walls and a
relatively quiescent gas, that occurs here, for ex-
ample, in the absence of an imposed wall flow, is
assumed to be negligible. It is assumed further,
that the heat transfer to the wall is linear with
elevation, going from dqwarrsr at the ceiling to
zero at Z="Zcgy, —0.8H.(It is possible for the latter
elevation to be negative, i.e., below the floor, be-
cause of the fact that when the fire is in the lower
layer, H is based on the elevation of an equivalent
point source of buoyancy in the extended upper
layer. Consistent with the inequality of Eq. (10),
this elevation can actually be below the floor ele-
vation, Z=0. When such is the case, the assumed
linear distribution for wall heat transfer is only
used between the floor and ceiling elevations.)
The above paragraph leads to the following
estimate for the average convective heat transfer
on the upper wall segment (between Zcgi and
ZLAYER)9 C.l\,%/ALL.NORM, U and on the lower wall seg-
ment  (between floor),
GwaLLNoRM L, along vertical lines on a wall where
normal ceiling-jet / wall impingement occurs:

ZLAYER and the
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0.8H <Zcei.— Ziaver:

awarL.NormU = (Qwarrst / 2) (Zceiw —0.8H) / (Zcrn. —Ziaver) (22)

dwarLLnormL = 0 (23)
Zeei— Ziaver < 0.8H <Zcgu:

awarLLNormU = GwarrsT [1— (Zeeiw—Ziaver) / (1.6H)) (24)

awaLLyormL = QwarLst / 2) [0.8H— (Zceiw—Ziaver)] / Ziaver (25)
Zcen <0.8H:

dwarrNnormu = GwarLst [1—(Zeeiw—Ziaver) / (1.6H)] (26)

GwarLnormL = (Gwarrst / 2) [1.6H—(Zcei — Zaver) —Zcen] / (0.8H) 27)

Strategy for Estimating Heat Transfer to
the Walls.

As noted, Egs. (22)-(27) can be applied to 4.
vertical lines passing through points STP1 STP2,
STP3, and STP4. The following strategy is
adopted for estimating the average rate of
ceiling-jet-driven convective heat transfer to the
upper and lower layer wall segments of the room:
1. Use Egs. (20) and (21) to calculate qwarr at

the top of the walls near the points STP1,

STP2, STP3, and STP4. Then use Eqs.(22)-

(27) to calculate the average qwayi; along the

upper-and lower-layer segments of vertical

lines through these points. 5.
2 . Estimate qwayr at the top of the walls near the

four room corners of the room by assuming

normal ceiling-jet / wall impingement there
and using Eqgs. (20) and (21). For example, use
these equations with rsp=(Xége + Yare)Y2 to
estimate the heat transfer near the top of the
walls at X=Y=0. Then use Egs. (22)-(27) to
calculate the average qwary along the upper-
and lower-layer segments of the vertical lines
which define these corners.

3. For an upper or lower wall segment between

STP1, STP2, STP3, or STP4, and an adja-

for each of the eight upper segments and
eight lower segments.

For each of the upper-layer segments use the
area of the segment and the previously cal-
culated average qwarp to calculate the eight
contributions to the total rate of upper-layer
wall heat transfer. Sum these contributions
and obtain finally qwarruave, the average
flux of heat transfer to the upper-layer por-
tions of the walls. Carry out analogous calcu-
lations for gwarrrave, the average flux of
heat transfer to the lower-layer portions of
the walls.

Add the rates of heat transfer to all sixteen
upper and lower wall segments and obtain,
QwaLL, the total rate of heat transfer to the
wall surfaces.

The details of the above algorithm are
presented in Appendix A.

It is important to point out that in compart-
ment fires there are fluid dynamic effects
other than ceiling-jet / wall impingement that
can lead to, and dominate the convective heat
transfer to walls (see, e.g. [6] and [15]). These
effects are not considered in this work.

cent corner, estimate the average value of The Computer Subroutine CEILHT for Car-
GwarL as the average of the previously com- rying out the Heat Transfer Calculations

puted average values along the vertical
bounding “end-lines”. Calculate this average wer

The model equations of the last two sections
e used to develop an algorithm and associated



modular computer subroutine to carry out the in-
dicated heat transfer calculations. The subroutine
is written in FORTRAN 77 and is called CEILHT.
A summary flow diagram for the algorithm is
presented in Figure 3. The algorithm and subrou-
tine are suitable for use in two-layer zone-type
compartment fire model computer codes.
CEILHT, which uses the two-dimensional nu-
merical integration subroutine ADAPT [16], is
presented in Appendix B of [17]. CEILHT has
been tested for a variety of instantaneous fire en-
vironments involving a 10’W fireina 8 m x 8 m x

4 m high enclosure. While the caiculated resu
were plausible, it is important to point out that
CEILHT simulations have not been experimen-

tally validated.

calculate Q;q
and Zg, from
Eqs.

(5)-(6)

Call CEI

is Zyrpy < Zyay

Fire Science & Technology Vol 13 No.1 & No.2 1993

Velocity and Temperature Distributions in
the Ceiling Jet

It is an objective of this work to simulate the
velocity and temperature distributions in the ceil-
ing jet. The major interest is to develop a general
capability for predicting the dynamic environment
local to near-ceiling-deployed fire safety devices,
e.g, fusible sprinkler links. Knowledge of this en-
vironment would be used in predictions of their
thermal response to the fire-generated environ-
ment(see, e.g., [13] and [18]).

For relatively smoothceiling configurations,
t

crimed fn he renracentative of
tailive Ol

assumed to be representativ he rooms of fire

origin studied in this work, the ceiling jet flows
outward radially from the point of plume / ceiling

impingement and its gas velocity and temperature

no

yes

is Zpype = ZeenL

fire is at ceiling; no
there is no signifi-
cant ceiling jet and
no significant con-
vective heat transfer

calculate a, o,
and M' from Eqs.
(7)-(9

- yes

no

There is no penetra-
and no significant
ceiling jet or con-
vective heat transfer

Calculate Q' and

Zggyrce from the
top of Eq. (11*)
and the middle

calculate Q° and
Zspurce Erom
bottom of Eq.
(11’) and top of
Eq. (12°)

NOTE: when using
Eqs. (15), (18),
and (19) below
replace T; with

Te

calculate Q' and
Z5oyrce from
bottom of Eq.
(11') and bottom
of Eq. (12%)

of Eq. (12°%)

Figure 3.

calculate H from Eq. (10}
and then h, Re;, and Q
from Eq. (18)

calculate QCEIL from the
integral of Eq. (2) using
Eqs. (13)-(17) and (19);
calculate d&ALL,L.AVE'

Quare, v, aver and Quuy g
from Eqs. (20)-(27) and
(A-1)-(A-6)

Overview of the CEILHT Algorithm.
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distributions, V¢; and Tgj, respectively, are a
function of radius from the impingement point, r,
distance below the ceiling, z, and time. Note that
it has been shown with some generality that
plume-driven ceiling jets are inertially dominated
flows from small to moderate r / H values [19].

The Velocity Distribution.

Let z be the distance downward from the
ceiling surface, i.e., if Z is the elevation above the
floor,

When r / H>0.2:

z = Zcen—2 (28)

Define the plume / ceiling impingement stag-
nation zone by r/ H<0.2. Outside the stagnation
zone and at a given r, V; rises rapidly from zero
at the ceiling’s lower surface, z=0, to a maximum,
Vuax, at a distance z=0.235, 3(r) being the dis-
tance below the ceiling where V / Vyax=1/2 [5].
In this region outside the stagnation zone, V¢ can
be estimated from {5]
where QY is defined in Eq. (18). V¢; / Vyax per
Eq. (29) is plotted in Figure 4.

Vo Ve = {(8/7) [z /(0.235)]7{1— [z / (0.235)] / 8} if 0<z/(0.239)<1; 29)
G TMAX T cosh—2{(0.23 / 0.77) arccosh (212) [z /(0.236)— 1]} if 1<z /(0.235)
Vmax / V = 0.85 (r / H)-11; 6 / H=0.10 (r / HY%; V = g1z H2 Q}y3 (30)

Inside the stagnation zone, the fire-driven
flow is changing directions from an upward-
directed plume flow to a outward-directed
ceiling-jet-type flow. There the flow velocity in-

0

gsx\n\\s&k\(}&

volves generally a significant vertical as well as
radial component of velocity with the characteris-
tic velocity being the maximum ceiling jet velocity
atr/H=0.2

MAX

1/2 1

1

4.3

2/(0.235)

Figure 4. A plot of dimensionless ceiling jet velocity distribution,
Vei/Vmax, as a function of z/(0.235) per Eq. (29).



When 0 < r/H < 0.2:
| Voy I = Order of [V (r/ H=0.2)] 31)

Other considerations are required for a more
accurate description of the velocity in the stagna-
tion zone.

The Temperature Distribution.

Outside of the stagnation zone, i.e., where r/
H>0.2, and at a given value of r, T¢; changes very
rapidly from the temperature of the ceiling’s low-
er surface Tcg, at 2=0, to a local maximum,
Twumax, somewhat below the ceiling surface. We
assume that this maximum value of T¢; occurs at
the identical distance below the ceiling as does the
maximum of V¢, i.e., at z=0.235. Below this ele-
vation, T¢; drops with increasing distance from
the ceiling until it reaches the upper layer tem-
perature, Ty. In this latter outer region of the

When r / H>0.2:
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ceiling jet, the shape of the normalized T¢; distri-
bution, (T¢j— T¢) /{Tyax— Tv), will have the
same characteristics as does that of V¢;/ Vyax.
Also, since we are dealing with a turbulent boun-
dary flow it is reasonable to expect that the
characteristic thicknesses of the outer region of
both the velocity and temperature distributions
are the same, being dictated there by the distri-
bution of the turbulent eddies.

For the above reasons we approximate the
normalized velocity and temperature distributions
as being identical in the outer region of the ceiling
jet flow, 0.235 <z. In the inner region of the flow,
between z=0 and 0.235, we approximate the nor-
malized temperature distribution by a quadratic
function of z/(0.236), requiring T¢y=Tcgy at
z=0 and T¢y=Twmax, 6Tc;/0z=0 at Z=0.235.
Thus,

0:,+2(1-6,)[z/(0.235)]— (1 -8, [z / (0.239)]?

0 = (Tey—Ty) / (Tuax—Tv) =

if0<z2/(0.238)<1 (32)

Ve / Vmax if 1<2/(0.234)

0 = 0(Te)=Tcew) = (Tcer.—Tu) / (Tmax —Tv)

Note that 8, will be negative where the ceiling
surface temperature is less than the upper layer
temperature, for example, relatively early in the
fire when the original ambient-temperature ceil-
ing surface has not yet reached the average tem-
perature of the growing upper layer. Also, 6, will
be greater than 1 where the ceiling surface tem-
perature is greater than Tyax. This is possible, for
example, during times of reduced fire size when
the fire’s near-ceiling plume temperature is
reduced significantly, perhaps temporarily, from
previous values, but the ceiling surface, heated
previously to relatively high temperatures, has not
cooled substantially. Plots of © per Eq. (32) are
presented in Figure 5 for cases when 6, is<0,

When 0.2<r / H:

(33)

between 0 and 1, and >0.

In order to calculate T¢(r,z) from Eq.(32), it is
necessary to determine the one unknown
parameter, Tyax(r). This is obtained by invoking
conservation of energy. Thus, at an arbitrary r
outside the stagnation zone, the total rate of radial
outflow of enthalpy (relative to the upper layer
temperature) of the ceiling jet within a small sub-
tended angle A4 is equal to the fraction A8/ (2x) of
the rate of enthalpy flow in the upper layer portion
of the plume, Q', less the integral (from the
plume-ceiling impingement point to r) of the flux
of convective heat transfer from the ceiling jet to
the ceiling surface. i.e.,

Zﬁf/:PUCp (Te;—Ty) Vg dz = Q —ZH/; qlei (1) rdr = (1— 4" cony) Q' (34)
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e=(T - T )T - T)
CJ U MAX U

4.3

2/(0.235)

Figure 5. Plots of dimensionless ceiling jet temperature distribution,®, as a function
of z/(0.235) per Eq. (32) for cases when Bg is<0, between 0 and 1, and >0.

where 1 conv(r) is the fraction of Q’ subtended
by A# and transferred by convection to the ceiling
from the point of ceiling impingement to r, i.e.,

A conv (r) = [fofo Géen (r) rdr] / Q (35)

In the above, Q has been calculated previ-
ously in Egs. (11°). Also, for particular r’s of in-

(Tpax—Tu) = 2.6 (12" conv) (r / H)=08 Q123 Ty—0.090 (Tcpn.—Ty) if 0.2<r/H

The above result together with Egs. (32) and
(33) represent the desired estimate for Tcy(r,z).

SUMMARY

This work presented model to predict the in-
stantaneous rate of convective heat transfer from
fire plume gases to the overhead ceiling surface in
a room of fire origin. The room is assumed to be a
rectangular parallelopiped and, at times of in-
terest, ceiling temperatures are simulated as
being uniform. Also presented is an estimate of

12

terest, and with gy evaluated according to Eqgs.
(13)-(19), the integral on the right hand sides of
Egs. (34) and (35) can be determined numerically.
The integral on the left hand side of Eq. (34) is
calculated using V¢; of Egs. (29) and (30) and
Tc; of Egs. (32) and (33). From this the desired
distribution for Tymax is found finally to be [13]

(36)

the convective heat transfer, due to ceiling-jet-
driven wall flows, to the wall surfaces. The effect
on the heat transfer of the location of the fire wi-
thin the room is taken into account. Finally
presented was a model of the velocity and tem-
perature distributions in the ceiling jet.

The model equations were used to develop an
algorithm and associated modular computer
subroutine to carry out the indicated heat transfer
calculations. The subroutine is written in FOR-
TRAN 77 and is called CEILHT. A summary flow



diagram for the algorithm is presented in Figure
3. The algorithm and subroutine are suitable for
use in two-layer zone-type compartment fire
model computer codes. CEILHT, which uses the
two-dimensional numerical integration subroutine
ADAPT [16] is presented in Appendix B of [17].
CEILHT has been tested for a variety of instan-
taneous fire environments involving a 107 W fire
ina 8 m x 8 m x 4 m high enclosure. While the
calculated results were plausible, it is important to
point out that CEILHT simulations have not been
experimentally validated.
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NOMENCLATURE

AwarLLn [AwarLun]
area of lower-{upper] layer portion of
wall segment N

Cp specific heat at constant pressure

Cr 9.115

f(r/H) Eq. (16)

g acceleration of gravity

H distance of continuation source below
ceiling, Eq. (10)

h acharacteristic heat transfer coefficient,
Eq. (18)

hr heat transfer coefficient, Eq. (14)

hst heat transfer coefficient at wall stagna-
tion point, Eq. (21)

M* fraction of Mppyme Which is buoyant in
upper layer, Eq. (7)

MpLume mass flow rate in plume at Z aygr When
Zrire <ZLAYER

Pr Prandtl number

Q strength of continuation source, Eq.
(11")

Qcen. rate of heat transfer to ceiling, Eq. (2)
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Q’EQ dimensionless strength of plume at
Z1AYER

Qh dimensionless strength of plume at

. Zeem

Qrconv  portion of fire energy release rate con-
vected in plume

QpLume  flow of enthalpy in plume at Z; svgr, Eq.
(1)

QwaLL rate of heat transfer to all wall surfaces.
Eq. (A-6)

ACEIL flux of rate of heat transfer to ceiling,
Eq. (13)

acgmave average flux of rate of heat transfer to
ceiling, Eq. (2)

qwALL flux of heat transfer to the wall

AwacL.crnn.L [dwaLL.crNN.U)
average Qwarr near corner N in lower
[upper] layer '
AwarL.L.ave [GwaLL.u,avel
average Qwar. portion of wall in lower
{upper] layer, Eq. (A-5)
GwaLLLAVEN [dWALL.U.AVEN]
average Qwary to portion of wall seg-
ment N in the lower [upper] layer
AwarLL.NoRM.L [AwALL NORM,U]
average Qqwar. to lower-{upper] layer
portion of wall near vertical line
through
point
gwarr at a ceiling-jet / wall stagnation
point Eq. (20)
QwacLsten.L [dwaLLsTenu]
average GwarrL to portion of wall in the
lower-[upper] layer along the line pass-
ing through stagnation point N(STPN)

ceiling-jet / wall  stagnation

GWALLST

Rey characteristic Reynolds number, Eq.
(18)

r distance from plume / ceiling impinge-
ment point

I'CRNN r of corner N (CRNN)

rsT r of a stagnation point

I'STPN r of stagnation point N(STPN)

Tap adiabatic ceiling jet temperature, Eq.
(15)

Teew temperature of ceiling
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Te temperature of ceiling jet

Ty, Ty  temperature of lower [upper] layer

TwaLL average temperature of the wall sur-
faces

A% characteristic velocity of ceiling jet,Eq.
(30

Vg velocity of ceiling jet, Eq.(29)

VMax maximum velocity of ceiling jet,Eq. (30)

XY, Z co-ordinates in room, origin at a room

corner on the floor

XwarL, Ywarr, and Zcgr

X, Y, Z of room corner diagonal from
origin

XFrE, Yrire, and Zpigg

X, Y, Z of center of base of fire

Zgq Z of equivalent source in lower layer,
Eq. (6)

Ziaver  Z of layer interface

Z' source Z of continuation source, Eq. (12)

z distance below ceiling surface, Eq. (28)

a Ty /TL

d characteristic ceiling jet thickness, Eq.
(30).

e dimensionless T¢;, Eq. (32)

0, 0 at ceiling surface

A conv  Eq.(35)

vy kinematic viscosity of air,Eq. (19)

oL, U average density of lower [upper] layer

g dimensionless parameter, Eq. (8)
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Appendix A: An Algorithm for Estimating
the Average Rate of Ceiling-
Jet-Driven Convective Heat
Transfer to the Upper and
Lower Layer Walls
| . Use Egs.(20) and (21) to calculate gwar.. at the
top of the walls near the points STP1, STP2,
STP3, and STP4. Then use Egs. (22)-(27) to
calculate the average qwarr along the upper-
and lower-layer segments of the vertical lines
through these points.
Refer to Figure 6. Designate the radii of
points STP1, STP2, etc. as rsrp1, I'sTpz, €tC.,
respectively, and calculate their values:

rstpi = YFIRE
rstpz = XwaLL — XFIRE (A-1)

rstps = YwaLL — YFIRE
rstpe = XFIRE

Use rs7p; as rst in Eq. (21) and as r in Egs.(15)
and (17) and determine the corresponding
value of qwarL from Eq. (20). Use this latter
value as qwart, st in Egs. (22)-(27) and calcu-
late the desired average heat transfer along
the upper and lower line segment through
point STP1. Designate these as GwarLstriU
and gwarLstriL, respectively. Carry out

STP3 E CRN3

STPag =— ~Fsrps

CRN1

WALL SEGMENT [I]

Figure 6. Definition of the Wall Stagnation Points, Room
Corners, and Wall Segments.

15
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analogous calculations and designations for
the STP2, STP3, and STP4.

. Estimate qwarL at the top of the walls, near
the four corners of the room by assuming that
the effect of concentration of the wall flows
there can be simulated by normat ceiling-jet /
wall impingement, i.e., by using Eqgs. (20) and
(21). For example, use these equations with
rsr={(X:re+ Yigre)¥2 to estimate the heat

2 2
rern1 = (Xfire + Yrre)'2

2
rerne = [(Xware — Xrre)? + Yeire) 2

TCRN3 = [(XWALL - XFIRE)2 + (YWALL - XIFIRE)Z]”2

2
rerns = [Xbwe +(Yware — Yemre) Y2

Replace rgr in Eq. (21) and r in Egs. (15) and
(17) by rcgrni and determine the corresponding
value of qwarr from Eq. (20). Replace
dwarLst in Egs. (22)-(27) by this latter value
and calculate the desired average rates of
heat transfer along the upper-and lower-layer
CRN1 line segment. Designate these as
dwarLcrni,uy and QwaLLcrniL, respectively.
Carry out analogous calculations and desig-
nations for the CRN2, CRN3, and CRN4.

. For an upper-or lower-layer wall segment be-
tween STP1, STP2, STP3, or STP4, and an
adjacent corner, estimate the average value

AwarLLUAvE) = (AwarLcryiutawarLsteiu) / 2
QwaLLLAvE1 = (GwarLL.crniLtAwarLstein) / 2
AwarL,u.avez = (AwaLLcrvz,ut GwarLsteiu) / 2
AwaLLLAVE2 = (GwaLLcrnzL+awarLstein) / 2
awaLL,Uu.AvE3s = (GwaLL,crN2,U T+ GwaLLsTP2.U) / 2
GwaLLLAVE3 = (GwaLL.cryzr tawarLsTeer) / 2
GwaLLUAVE4 = (QwarLL.crya,ut@warLstezu) / 2
waLLLAVE4 = (QwarL.crnsytAwarLsteer) / 2
awaLLUAVEs = (AQwaLL,crN3,ut+awaLLsTrsU) / 2
AwALL.LAVE5s = (GwaLLcrNsL+AwarLsteaL) / 2
AwALLUAVEs = (GwarL.crNau T AwarLsTray) / 2
awaLLLAVEs = (QwaLr.crNaLtdwaLLsTeaL) / 2
AwALLUAVE7 = (QwaLL.crRNaU T+ AwaLLsTpay) / 2
AwaLLLAVE? = (GwaLL.crNaL+AwaLLsTPaL) / 2
QwaLLUAVES = (AwaLLcrviutAwarLsteau) / 2
AwarLLavis = (QwarL.crnir+awarLLstpsr) / 2

transfer near the top of the walls near
X=Y=0. Then use Eqgs. (22)-(27) to calculate
the average qwarp along the upper- and
lower-layer segments of the vertical lines
which define these corners.

Refer to Figure 6. Designate the radii to the
four room corners, CRN1, CRN2, CRN3, and
CRN4 as rcrni, Icrnz etc., respectively, and
calculate their values:

(A-2)

of qwarL as the average of the previously de-
termined average values along the vertical
bounding “end-lines.” Calculate this average
for each of the eight upper-layer segments
and eight lower-layer segments.

Refer to Figure 6. Number the eight pair of
upper-and lower-layer wall segment as
shown. Designate the average rates of heat
transfer to upper- and lower-layer segment 1
as Qwarru.ave: and GwarLrAve, respective-
ly. Designate analogous rates of heat transfer
to the other seven pair of wall segments.
Calculate:

(A-3)



For each of the upper-layer segments use the
area of the segment and the previously cal-
culated average Qwarr to calculate the eight
contributions to the total rate of upper-layer
wall heat transfer. Sum these contributions
and obtain finally Gwariuave. the average
flux of heat transfer to the upper-layer por-

AWALL,U,I = AWALL,U.G = XFIRE (ZCEIL—ZLAYER)

Awarrey = Awarrrs = Xrre ZLAVER
AwarLruz

Awarrrz = Awarrs = Xwarr— Xrre) Zraver

AwALLU3
AWALL,L,3 = AWALL,L,S = Yrire Zraver

AWALL,U.4 = AWALL,U,? =

Awarrrs = Awarerr = (Yware— Yrire) Zraver

Calculate

. " 8
QwWALL,UAVE

. " 8
QWALL,LLAVE —

. Add the rates of heat transfer to all sixteen

upper and lower wall segments and obtain,

8

QwaLl = AWALLUAVE Xy, AwatLuntawarrrave 2y, AwaLLy

= AwarLLusg = YFIRe (ZceiL —ZLAYER)

. 8
Yo AwarLiy warLaverN) / 2, AwarLLy
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tions of the walls. Carry out analogous calcu-
lations for Qqwarrpave. the average flux of
heat transfer to the lower-layer portions of
the walls.

Designate the area of upper-and lower-layer
wall segment N as Awarrun and AwaLLLn,
respectively, and calculate these values:

= AWALL.U,S = (XWALL—XFIRE) (ZCEIL—ZLAYER)

(A-4)

(Ywar,— Yeire) (Zee —Ziaver)

. " 8
= Xy, (AwarLun GwarLaveun) / 2y, AwaLLuN

(A-5)

QwaLr, the total rate of heat transfer to the
wall surfaces.

8

(A-6)



